To find the most suitable indicator of viral and parasitic contamination of drinking water, large-volume samples were collected and analyzed for the presence of pathogens (cultivable human enteric viruses, Giardia lamblia cysts, and Cryptosporidium oocysts) and potential indicators (somatic and male-specific coliphages, Clostridium perfringens). The samples were obtained from three water treatment plants by using conventional or better treatments (ozonation, biological filtration). All samples of river water contained the microorganisms sought, and only C. perfiringens counts were correlated with human enteric viruses, cysts, or oocysts. For settled and filtered water samples, all indicators were statistically correlated with human enteric viruses but not with cysts or oocysts. By using multiple regression, the somatic coliphage counts were the only explanatory variable for the human enteric virus counts in settled water, while in filtered water samples it was C. perfiingens counts. Finished water samples of 1,000 liters each were free of all microorganisms, except for a single sample that contained low levels of cysts and oocysts of undetermined viability. Three of nine finished water samples of 20,000 liters each revealed residual levels of somatic coliphages at 0.03, 0.10, and 0.26 per 100 liters.
Measured virus removal was more than 4 to 5 log10, and cyst removal was more than 4 log1o. Coliphage and C. perfringens counts suggested that the total removal and inactivation was more than 7 log1o viable microorganisms. C. perfiringens counts appear to be the most suitable indicator for the inactivation and removal of viruses in drinking water treatment. They also appear to have a relationship to cysts and oocysts and could be used as indicators of their inactivation and removal. We propose their use as surrogates for virus and parasite testing of drinking water.
The most desirable index of pathogenic microorganism pollution must be its own presence or absence. Constraints of recovery sensitivity, survivability, time, cost, and laboratory capabilities have limited the virological and parasitological analyses of water to a few laboratories. The search for a surrogate and practical indicators has also been limited to laboratories with a high level of expertise. The level of reliability of the data obtained is highly dependent on this level of proficiency; many studies have yielded data that were difficult to assess because of this low reliability. In a critical review of the literature on the elimination of viruses during drinking water treatment processes, we have found that many published papers were very difficult to assess because of their lack of consistency and poor methodology (16) .
Current microbial indicators of water quality and treatment, such as total coliforms and fecal coliforms, indicate only the presence of fecal pollution and an indirect health risk. Several studies have demonstrated that coliforms are inadequate to indicate the presence of pathogens, especially viruses and parasites (6, 16) . Current research suggests that bacteriophages and Clostidium perfringens could be better suited as indicators of drinking water quality and treatment. Our long experience with the detection of bacteria, viruses, bacteriophages, and parasites from large volumes of water has enabled us to study these potential indicators by highly sensitive methods.
The objective of this project was to determine whether C. * Corresponding author. perfringens or coliphages (somatic or male specific) are indicative of the presence or absence of human enteric viruses and protozoan cysts during drinking water treatment.
MATERIALS AND METHODS
Water treatment plants. Three water treatment plants in the Montreal area were selected on the basis of their source water quality and their treatments. Water is treated and distributed on demand (i.e., apart from the clear well at the plant, there are no reservoirs in the distribution system). All three plants treat river water polluted by domestic sewage and containing human enteric viruses and protozoan parasites. The selection of water treatment facilities with contaminated raw water was necessary to maximize the chances of finding both viruses and protozoan cysts and to establish correlations with the selected indicators.
The first two plants draw their water from opposite banks of the Thousand Islands River. The first plant (ROS), on the north shore, uses a full conventional treatment: activated charcoal, aluminum silicate, and activated silica are flash mixed with the river water; water is flocculated, sedimented, rapid-filtered on sand, and chlorinated. Predisinfection is done seasonally before the filtration stage. The capacity of the plant is 30,000 m3/day. The second plant (STE), on the south shore, is a modem plant that can produce 110,000 m3/day and uses both conventional treatment and biological filtration. River water is flocculated, sedimented, rapidfiltered on sand-anthracite, ozonated, refiltered on a biolog-ical filter (granular activated charcoal), and submitted to final disinfection with chlorine dioxide.
The third plant (REP) has recently been renovated, and it treats water from the Assomption River, a river highly polluted by domestic and agricultural effluents. Water is seasonally preozonated and conventionally treated by alum or polyelectrolyte coagulation, settling, sand-anthracite filtration, ozonation, and final disinfection with chlorine dioxide. The capacity of the plant is 87,000 m3/day.
Concentration methods. Samples of raw (untreated) and settled water of 100 liters each were collected. For filtered and finished water samples, volumes of 1,000 to 2,000 liters of water each were collected. Water was conditioned to 0.001 M aluminum chloride and pH 3.5 with hydrochloric acid by using an in-line injection system monitored by a pH meter. Filtration was performed with electronegative cartridge 3-and 1-,um Diamond Filter Tubes (Filterite Corp., Timonium, Md.) (15, 17, 22) . Exceptions included ultralarge samples of filtered and finished water which were obtained by filtering up to 20,000 liters of water at plant STE overnight. For these samples, water was not conditioned and electropositive cartridge filters (lMDS; AMF Cuno Corp.) were used. Only human enteric viruses and coliphages were enumerated from these samples because bacteria and parasites are not efficiently recovered by these filters. All microorganisms were eluted from the filters by a slow backwash elution with agitation by using 1.8 liters of a 1% beef extract solution at pH 10 containing 1% Tween 80. Microorganisms were reconcentrated by specific methods described below, and the concentrates were analyzed according to the methods developed in our laboratory (15, 16 ). An aliquot of 400 ml was taken for detection of C. perfringens. The remaining 1,400 ml was centrifuged at 3,000 x g for 20 min. The supernatant was collected by decantation; 1,000 ml was used for the enumeration of human enteric viruses and 400 ml was used for the enumeration of bacteriophages. The pellet was resuspended in a small volume of a solution containing 2% formalin and 0.1% Tween 80 and was used for enumeration of the cysts.
Virology. (i) Human enteric viruses. Human enteric viruses were reconcentrated to 50 ml by organic flocculation with ferric chloride as a flocculating aid (18) . Concentrates were stored at -70°C until assayed. All samples were assayed on MA-104 cells by using a maximum of 1 ml of inoculum per 25 cm2 of confluent monolayers (19) . For each sample or dilution, 10 flasks were inoculated. The flasks were incubated at 37°C for 7 to 10 days, freeze-thawed at -20°C, reinoculated on the same cell line in 24-well plates, and incubated for another 10 days. All second-passage monolayers were submitted to an immunoperoxidase immunoassay with human immune serum globulin (20, 21) . This method detects most cultivable human enteric viruses and uses human immune serum globulin for detection of these viruses. The number of viruses in the sample was calculated by the number of wells showing cytopathic effect or immunoperoxidase-positive cells after the second passage. The most probable number of infectious units was calculated by using a most probable number calculation (24) . The results are expressed as the most probable number of infectious units per liter.
(ii) Bacteriophages. Bacteriophages were reconcentrated by the second-step floating layer ammonium sulfate method described previously (la) . Essentially, bacteriophages were collected in the floating layer formed when an eluate, containing detergent, was mixed with saturated ammonium sulfate. The floating layer was solubilized in a small volume of distilled water and assayed. Bacteriophages were assayed by the double-layer technique as described by Havelaar and Pot-Hogeboom (9) . The host for somatic coliphages was a clone of Eschenchia coli C (ATCC 13706) selected in our laboratory for its resistance to nalidixic acid. It has been identified as strain CN-13 and is grown in medium with 0.01% nalidixic acid. The host strain Salmonella typhimunum WG49, phage type 3 Nalr (F42 lac::TnS), was used for the detection and enumeration of male-specific bacteriophages. It was developed by Arie Havelaar (7) (8) (9) and was obtained from the National Institute of Public Health and Environmental Protection (Bilthoven, The Netherlands). It was maintained and used according to the instructions supplied with the lyophilized strain.
Bacteriology. C. perfringens was enumerated on m-CP medium as described by Bisson and Cabelli (3) . The experimental medium prepared by Difco was supplied to us in batch form (catalog no. QC-0284; Difco Laboratories, Detroit, Mich.) and supplemented with 60 mg of 3-D-indoxyl glucoside per liter (2) . The plates were incubated in anaerobic conditions in a BBL GasPak pouch at 44.5°C for 24 h.
Colonies were then exposed to ammonium hydroxide vapors for 20 to 30 s, and all yellow colonies turning pink to red were counted. For the enumeration of spores, the samples were pasteurized by heating to 75°C for 20 min before filtration.
Parasitology. Parasites were recovered in the pellet by centrifugation, were purified by sucrose density gradient flotation in Sheather's solution, and detected by immunofluorescence (13) . Essentially, 5 ml of the concentrate was placed on 10 ml of flotation medium and centrifuged for 10 min at 1,200 x g. The top and middle layers were collected, pelleted by centrifugation, and resuspended in 1 to 3 ml of buffer. The protozoan parasites were enumerated by fluorescence microscopy after membrane filtration and by specific immunofluorescent methods with anti-Giardia and anti- 
RESULTS
Occurrence of microorganisms in river water. Samples of river water used by the three water treatment plants contained human enteric viruses and often Giardia cysts or Cryptosporidium oocysts (Tables 1 to 3 ). Somatic and malespecific coliphages were detected in large numbers at all three sites. Low levels of somatic Salmonella bacteriophages, detectable on the WG45 strain, were present in most samples. The REP plant samples yielded slightly different results: somatic Salmonella phages, Giardia cysts, and Cryptosporidium oocysts were not found as frequently as they were at the other sites.
Removal of microorganisms by the water treatment plants (Tables 1 to 3 ). At the ROS and STE plants, a high level of removal of both indicator microorganisms and pathogens was already attained after rapid sand filtration. At the REP plant, measured removals were lower after filtration, but final removal was similar for all plants. The (Table 5) . In river water, the density of C. perfringens was the only parameter significantly correlated with the presence of human enteric viruses (r = 0.63, P = 0.001), Giardia cysts (r = 0.76, P = 0.001) and Cryptosponidium oocysts (r = 0.65, P = 0.002).
In settled water, all indicators were significantly correlated with the enteric viruses (r = 0.31 to 0.70, P = 0.001) but not with cysts and oocysts. In filtered water samples, significant correlations were observed between the human enteric viruses and indicators (r = 0.24 to 0.42, P < 0.02), with the exception of somatic Salmonella bacteriophages (WG45), but none of the indicators was significantly correlated with Giardia cysts. Somatic coliphages and C. perfringens were significantly correlated (r = -0.3, P ' 0.05) with Cryptospoiidium oocyst data. Because all samples from the finished water were negative for the presence of both the pathogens and the selected indicators, statistical analysis of correlation could not be performed.
Multiple regression analysis of the data. In order to find the variable that had the strongest predictive value for the human enteric viruses in filtered and settled water samples, a multiple regression analysis was performed, using as candidate variables the indicators for which statistically significant correlations had been found (i.e., somatic coliphage, male-specific coliphage, and C. perfringens counts).
For the settled water data set, the number of somatic firms that C. perfiringens could be used as a suitable indicator pathogens and indicator microorganisms can be quite vari- for the presence of pathogens of fecal origin in surface able depending on their size and surface charges. In the waters. The use of C. perfringens as a suitable indicator of settled water samples, the human enteric virus counts were fecal pollution has been reported by several researchers significantly correlated with all the microbial indicators (3-5, 10, 14, 25, 26) . Our own limited data set further measured. By multiple regression statistical methods, only emphasizes this relationship with human enteric viruses and somatic coliphages on the E. coli CN13 host strain were protozoan cysts.
found to be explanatory for the presence of human enteric Treatments such as flocculation, settling, and filtration are viruses. Correlations with the protozoan cyst counts were applied to river water to reduce the level of organic and low and had no predictive value. In filtered water samples, particulate matter and thus ensure proper disinfection as significant correlations were observed between the human well as aesthetically pleasing drinking water. The removal of enteric viruses and both coliphages and C. perfringens. With the information currently available, C. perfringens is probably the best choice as an indicator of virus and cyst inactivation as well as an overall indicator of treatment efficiency. It is easily enumerated with m-CP medium, which is highly selective for C. perfringens (2, 3) . The methods and supplies required are those currently used for the bacteriological analysis of water by membrane filtration, which is already performed by many laboratories.
Bacteriophages can be easily enumerated in 24 h or less and have inactivation rates similar to those reported for many pathogens; they have thus also been considered as potential indicators of water treatment efficiency (7) . Their enumeration requires the maintenance of a good-quality bacterial host, a condition that not all laboratories can maintain. The E. coli C strain (ATCC 13706) for somatic coliphages is probably the easiest to obtain and maintain, as it is available through the American Type Culture Collection. The genetically modified strain of Salmonella (WG49) is more difficult to obtain and to maintain, but it is highly sensitive to male-specific bacteriophages. Because of its origin, it can also detect somatic Salmonella bacteriophages, and it will often be necessary to include the Salmonella WG45 parent strain to detect and enumerate these interfering somatic bacteriophages in the samples tested. Somatic bacteriophages will not normally be in high numbers, but it is prudent to test for them.
The present report confirms that both C. perfringens and coliphages could be indicators of drinking water treatment efficiency. There does not seem to be any advantage in using male-specific coliphages over somatic coliphages: both have similar behavior during treatments, but somatic coliphages are easier to detect. However, C. perfringens is probably the best choice: methods are specific and sensitive, and the spores of this bacterium can probably provide an added margin of safety in the evaluation of treatments and could also be an indicator of cyst removal.
We do not advocate the use of large-volume concentration methods for routine monitoring of drinking water treatment: we have used these methods only to obtain a sufficient number of positive samples to establish correlations among the selected pathogens and indicators. One-liter-volume samples of filtered and finished water can easily be filtered in routine bacteriological analyses. We propose the routine enumeration of C. perfringens on m-CP medium in filtered and finished water samples as a surrogate for virus and cyst testing. C. perfringens should normally be absent in filtered and finished water samples. The presence of C. perfringens in a finished water sample should not be accepted. Its presence in filtered water but not in finished water is probably indicative of a less efficient treatment (i.e., inferior flocculation or filtration) and should be investigated.
